The criteria for the diagnosis of myocardial infarction and ischaemic heart disease by an automated 15-lead computer-aided electrocardiographic system were examined using electrocardiograms of 543 patients. Errors in the electrocardiographic diagnosis were evaluated for each lead system (Frank orthogonal 3-lead, 12-lead, and hybrid 15-lead) using clinical and catheterization data for definitive diagnosis before review of the electrocardiograms and their reports. The effects of combinations of these diagnoses and additional ventricular conduction defects were also studied.
. Though some authors have found that the diagnostic accuracy of abnormalities of waveform is similar using the two systems (MacFarlane et al., 1971; Pipberger et al., 1961) others disagree (Bonner et al., 1972; Borun et al., 1966; Talbot et al., 1973) , and in most studies 3-lead and 12-lead systems have been compared only in relation to specific diagnoses (Eddleman and Pipberger, 1971) . Talbot et al. (1973) reported their experience using both 3-lead and 12-lead systems. They found that a 15-lead electrocardiographic system and logic derived from all these leads gave the best results for myocardial infarction and right bundlebranch system block, and increased sensitivity for most diagnoses. In view of observer variation in electrocardiographic reporting (Davies, 1958) , an objective method to confirm computer diagnoses is preferable (Yano and Pipberger, 1964) . Using objective confirmation, Eddleman and Pipberger (1971) concluded that the Frank orthogonal 3-lead electrocardiogram was more sensitive and as accurate as the 12-lead electrocardiogram using Minnesota code classification (Blackburn et al., 1960) for the diagnosis of myocardial infarction. This code was designed for epidemiological studies and similar results may not be found with more sensitive 12-lead criteria.
We have, therefore, made a further comparison of orthogonal 3-lead, vectorcardiographic, and 12-lead criteria, used in our 15-lead computer programme (Talbot et al., 1973) . Necropsy and catheterization data provide the most accurate confirmation of electrocardiographic diagnoses. However, restriction of any study to diseases diagnosed by such methods will select those patients with more severe disease. We have used clinical information, supported by catheter data and a few necropsies, from men and women aged 40 to 80 years. Multiple electrocardiographic abnormalities are frequent in clinical practice, and combinations of several abnormalities may have significance different from that of single ones. In this paper we have presented our results for patients with one or more myocardial infarcts, or myocardial ischaemia, alone or in combination. We have also examined the validity of these electrocardiographic criteria of infarction and ischaemia in the presence of left ventricular hypertrophy and ventricular conduction defects.
Subjects and methods Electrocardiograms were obtained using an on-line automated electrocardiographic system, which has been previously described (Scheinok et al., 1972; Talbot et al., 1973) . Leads I, II, III, aVR, aVL, aVF, V1, V2, V3, V4, V5, and V6, and Frank XYZ leads were recorded simultaneously in groups of three leads. The three vector loops and the initial forces were obtained by digital-to-analogue conversion, displayed on an oscilloscope screen, and photographed with a high resolution camera. Electrocardiographic criteria were based on the 12 leads, the Frank XYZ leads, and the Frank vectorcardiogram, and hybrid criteria were formulated by combination of criteria from the three systems. However, not all statements were finally issued as an electrocardiographic report for clinical use. Some were suppressed by the computer but were preserved on a computer print-out. This enabled many different criteria and combinations of criteria to be assessed. Eighty-five per cent of all electrocardiograms recorded at Hahnemann Hospital are processed by computer.
Initially the scalar and vector electrocardiograms were examined to see whether the criteria in the programme for the diagnosis of myocardial infarction, left ventricular hypertrophy, or ischaemia, had been met. Frank 3-lead and 12-lead criteria were those in common use (Sokolow and Lyon, 1949; Allenstein and Mori, 1960; Sotobata, Richman, and Simonson, 1970; Chou and Helm, 1967; McConahay et al., 1970; Gunnar et al., 1967) and are presented in Table 1 which also includes vectorcardiographic criteria used in the hybrid programme.
We have already described our results in the diagnosis of conduction defects (Talbot et al., 1973) . In this study the following definitions have been used. 1) Left bundle-branch system block: QRS duration >115 ms and intrinsicoid deflection in lead X)60 ms; terminal R waves without Q waves in leads I or aVL. 2) Complete right bundle-branch system block: QRS duration >115 ms; terminal R' wave in lead Vl, and R' > R+0-2 mV. Measurement of QRS duration was made in orthogonal leads, with limits based on the 95th centile of our normal population (Talbot et al., 1974) . In fact, complete bundle-branch system blocks almost invariably showed a QRS duration .99th centile, i.e. 125 ms.
3) Left anterior hemiblock: QRS axis between -45' and -90°if there were a Q wave in aVL (Rosenbaum, 1969) . Usually this diagnosis was associated with a QRS duration >90 ms (i.e. the lower limit of the 95th centile plus 20 ms). The diagnosis of left anterior hemiblock was not made if the R voltage in all limb leads was less than 0.5 mV. Combined (hybrid) criteria for inferior and anterior infarction are described in Appendix A. If criteria from the 3 orthogonal leads or the vectorcardiogram or the 12 leads were fulfilled, this was described as 'or-logic'; and if criteria from either the 3 orthogonal leads or the vectorcardiogram, together with criteria from the 12 leads, were fulfilled, this was described as 'and-logic' (Talbot et al., 1973) . Therefore, 'and-logic' required criteria from two or more of the three systems to be fulfilled. Diagnoses were assigned qualitative probability but for this study the definite, 'probable', and 'possible' reports have been amalgamated.
All electrocardiograms recorded during a sevenweek period were selected for inclusion in this study, if reported by the computer (using either 3-lead, 12-lead, or hybrid criteria) to show inferior or anterior infarction, left ventricular hypertrophy, left or right bundle-branch system block, left anterior hemiblock, a non-specific intraventricular conduction defect, or any combination of these. Some electrocardiograms selected had been included in a previous study (Talbot et al., 1973 and inferior criteria together, anterior criteria alone, and inferior criteria alone would be misleading.
Anterior myocardial infarction
The most sensitive criterion for anterior infarction was a Q/R ratio in Z <0 1, but loss of anterior forces in the sagittal and horizontal planes of the vectorcardiogram was almost as sensitive. Computer hybrid criteria were even more sensitive, because of occasional discrepancies between these two diagnostic criteria. In some infarctions (Fig. 1A) there was early posterior orientation of initial forces for 20 ms (XZ plane), which then turned sharply forward so that the Q/R ratio in Z was preserved, whereas in others the first 10 ms forces were anterior though the next 20 ms forces were posterior (Fig.  1B) . Early posterior orientation of horizontal forces was often associated with a narrow R wave in Vl to V3. Occasionally the only positive indication of old anterior infarction was a Q wave of 0.1 mV and less than 20 ms duration in two of the three leads V2, V3, and V4, but an isolated small Q wave in the transition zone was not significant. Associated left ventricular hypertrophy produced more falsepositive results, particularly with orthogonal and vectorcardiographic criteria, but there were few electrocardiograms of patients with infarction in which the diagnosis was not suggested by 15 leads (Fig. 2 ).
Left bundle-branch system block was found in only 20 electrocardiograms of patients with infarction; though a hybrid 15-lead diagnosis of anterior infarction was correctly made in 17 electrocardiograms, there were 48 (73 8%) false-positive results, mainly because of vectorcardiographic and orthogonal criteria. Q waves rarely spread to V4 in the absence of infarction. Right bundle-branch system block was not associated with significantly more false-positive results, but Q waves in Vl to V3 were sometimes falsely detected, probably because of the low voltage of the initial R wave. The R wave in lead Z is often of low voltage in right bundlebranch system block, so that in our experience the Q/R ratio in Z is not satisfactory in this condition. However, the absence of a Q in Z is an indication of anterior myocardial infarction. Right bundle-branch system block was particularly associated with QR complexes in Vl to V4, but QR complexes were of more significance than QS waves in all conditions except in V4. Left anterior hemiblock did not appear to affect the diagnosis of anterior infarction. Nonspecific intraventricular conduction defects reduced the specificity of all criteria for anterior infarction and sensitivity may also have been reduced. (>+ 450) in the absence of infarction; this increased the number of false-positive results for inferior infarction in all lead systems. In the presence of left bundle-branch system block and left anterior hemiblock (or left axis deviation), R waves were often small in the absence of infarction and Q waves occasionally appeared in III and aVF but not in II. Falsepositive results were common in the presence of combined right bundle-branch system block and left anterior hemiblock, probably because a very small initial R wave was not detected; this was followed by a conspicuous S wave before the terminal R' wave in III and aVF. The vectorcardiogram was often necessary to confirm initial inferior forces. Non-specific intraventricular conduction defects were commonly found in association with criteria of inferior infarction and slightly increased false-positive results.
Optimal computer criteria for infarction Hybrid computer criteria were the most sensitive for anterior and inferior infarction, and the presence of specific criteria resulting in a diagnosis of probable or definite infarction correlated well with the clinical diagnosis. The most specific criteria for inferior and anterior infarction have been tested (Table 3) so that diagnoses can be assigned a degree of probability. Loss of specificity for anterior infarction resulted from inclusion of the Q wave in V3 without Q in V4, particularly in association with left ventricular hypertrophy and intraventricular conduction defects, and there was loss of specificity for inferior infarction with reduction of Q/R ratios. We noted that Q/R ratios were valid even with Q waves of 0.1 mV, when a W-shaped complex was often seen. The Q wave in III added little that could not be obtained from aVF alone, and a Q wave >0-2 mV in lead aVF was only slightly more specific and less sensitive than the 12-lead combined criteria of the computer programme. However, the additional presence of a Q wave of >02 mV in II, particularly if the Q/R ratio .25 per cent, considerably enhanced the specificity of a Q wave in III or aVF. Even a Q wave of 0.1 mV in II was supportive evidence for other criteria of inferior infarction. A Q/R ratio in II, III, and aVF of over 0-25 was almost diagnostic of inferior infarction, and was associated with a rightward and superior direction of the initial 30 ms forces in the frontal plane. (Eddleman and Pipberger, 1971) or the time sequence of evolutionary changes in relation to the history and investigations (Young and Williams, 1968; Goldberger, 1945) . We have analysed our results by these methods, but they are open to criticism and the results did not affect our conclusions.
The electrocardiogram may be normal in the presence of infarction, and may vary from day to day; therefore no criterion can be absolutely specific or sensitive (Cawood et al., 1974a, b; Willems, Poblete, and Pipberger, 1972) . The results of this study suggest that diagnostic sensitivity for myocardial infarction and ventricular conduction defects is usually improved by 15-lead hybrid criteria and that the computer statement of probable or definite infarction corresponds satisfactorily with the actual diagnosis.
Superior forces for >30 ms and clockwise inscription of the first 25 to 30 ms in the frontal plane have been proposed as sensitive criteria for inferior infarction (McConahay et al., 1970; Young and Williams, 1968; Hugenholtz, Forkner, and Levine, 1961; Murata et al., 1967) . It has been suggested that the vectorcardiographic appearance of inferior infarction is preserved in the presence of left anterior hemiblock (Kulbertus et al., 1971 ).
However, this study suggests that vectorcardiographic criteria are no more sensitive than 12-lead criteria. Vector loops may vary considerably and the initial inscription is affected by the later direction of the QRS; clockwise rotation may occur without infarction if there is a vertical axis (. + 450) and inferior infarction may occur with counterclockwise rotation, particularly with left axis deviation (Gunnar et al., 1967) , and sometimes with left anterior hemiblock. A Q/R ratio >25 per cent in aVF may be the best single discriminating factor between normal hospital patients and patients with inferior infarction (Simonson, 1961) . Increasing duration of the Q wave increases specificity (Myers, Klein, and Hiratzka, 1949) , and a Q wave duration >004 s in aVF is the next most accurate single-lead criterion (Simonson, 1961) . However, combinations of leads have not been tested adequately.
Specific vectorcardiographic appearances in the horizontal plane have been described for anterior infarction (Hugenholtz et al., 1963) , and it has been thought that these remain specific in the presence of left ventricular hypertrophy. Our results and those of others (Kini, Eddleman, and Pipberger, 1970) conflict with this view. All criteria of anterior infarction were less specific in the presence of left ventricular hypertrophy; the vectorcardiographic and orthogonal criteria were less specific than the V lead criteria, though QS waves in Vl and V2 and sometimes also in V3 were frequent findings in uncomplicated left ventricular hypertrophy.
The diagnosis of inferior or anterior infarction cannot be made by usual criteria in the presence of left bundle-branch system block because of frequent false-positive results. Moreover, left bundle-TABLE 6 Diagnostic criteria for a computer system* Inferior infarctiont branch system block may conceal the changes of anterior and inferior infarction (Luy, Bahl, and Massie, 1973) . The diagnosis of left anterior hemiblock did not appear to influence the diagnosis of inferior or anterior infarction. Though it has been pointed out that the changes of inferior infarction and anteroseptal infarction may be modified by left anterior hemiblock as a result of inferior direction of the initial 20 ms forces, this does not seem of great importance. In our experience, right bundlebranch system block has little effect on the diagnosis of inferior and anterior infarction, in contrast with the findings of Goldman and Pipberger (1969) . Occasionally there was an increase in the initial anterior 20 ms forces in patients with infarction who developed right bundle-branch system block, even if there were V-lead electrocardiographic evidence of anterior infarction on the previous tracing. This increase of anterior forces might occasionally obscure anterior infarction or suggest true posterior infarction, and should be suspected if there is clockwise rotation of the vector loop in the horizontal plane. In conclusion, criteria which are used for the diagnosis of inferior and anterior infarction have been arranged in order of increasing sensitivity and decreasing specificity in Table 6 .
Many factors influence ST and T wave changes (Varriale, Alfenito, and Kennedy, 1966) , and we, therefore, do not use them for left ventricular hypertrophy diagnostic logic. This study indicated that the diagnosis of left ventricular hypertrophy was not supported by the presence of intraventricular conduction defect or delayed intrinsicoid deflection as was suggested by Estes (1966) in patients under 37 years of age, in whom multiple disorders are uncommon, such criteria might be of value. The gradual slope of ST depression from a normal J point to a wholly inverted T wave or an initially inverted T wave, often with a terminal upright T wave in anterolateral leads, is more typical of left ventricular hypertrophy than of ischaemia, but such appearances are difficult to quantify and may be misleading. Repolarization changes particularly in the frontal plane may be the result of left anterior hemiblock (Gomes, Lima, and Romalhao, 1975 In Table 7 the optimal lead systems for various diagnoses are presented, based on our current results (Talbot et al., 1973) . Left ventricular hypertrophy voltage criteria provide a good example of the value of multiple lead systems since no single system is sufficiently sensitive without producing excessive false-positive results. In isolation the vectorcardiographic criteria of left ventricular hypertrophy were more specific yet as sensitive as the V-lead criteria of left ventricular hyper- 
